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ABSTRACT 

Spin-angular momentum transfer (or spin-transfer for short) describes the angular momentum exchange between 
a spin-polarized current and a ferromagnetic conductor. When the conductor dimensions are reduced to around 
XOOnm or below, the spin-angular momentum transfer effect becomes significant compared to the current^iuduoed 
magnetic field. This paper describes some recent spin-transfBr experimental findings in snb-lOOnm current- 
perpendiculai^ spin-vahre sj^tems consisting of Co-Cu-Co nanopillais. The spin-transfer current 19 Ghotvii to 
cause a magnetic reversal of the thinner magnetic la>'er inside the nanopiUar. The reversal is experimentaUy 
shown to reach sub-nanoseoond speed. The effect of spin-transfer is best understood in terms of its modification 
to the effective Landau-Lifshiz-Gllbert damping coefficient^ either increasing or decreasing its value depending 
on the direction and magnitude of the spin-polarized current. For sufficiently large spin-current, the net damping 
coeflBciexiit may change sign, resulting in amplification of magnetic precession, leading to a magnetic reversal. 
At finite temperatures, the eflect of spin-transfer Is to either increase or decrease the thermal agitation of the 
nanomagnet. A quantitative model is developed that adequately describes the finite temperature experimental 
observations of the dynamic spin-transfer effect. 

Keywords: spin-transfer, magnetic nanostructuxes, spin-valve, finite temperature 

1- E^TRODUCTION 

Spin-angular-momewtum-transfer^'3 (or spin-transfer for short) induced magnetisation reversal is a relatively 
new phenomenon only observed m magnetic structures smaller than 0.1 /im in size.^"^ It teveaJs the interaction 
between magnetization and Bpin-polarized transport cwent. The spin-transfer mechanism is fux'ther unambigu- 
ously observed in recent reports of spin-polarized current induced microwave emission in nano-piUar spin-val\ii 
structures.^^" This paper give a brief discussion of the behavior of this representative spin-transfer device: 
naynely a |Co|Cu|Col current-perpendicular (CPP) spin-valve nanopillar. 

2. FABRICATION METHODS 

There are two commonly used fabrication methods for such junction devices. One is the so-called subtractive 
process, where the relevant raultilayered metal film is fonocd first via vacuum deposition. The pillar-shaped 
device structure i& then formed by selectively etching away portions of the film. Alternatively, the pillar-shaped 
structure can also be formed via an additive process. Junctions used in this Study were fabricated using either 
a subtractive method®'^* or a variation of an additive process, namely a batch- fabricated stencil hard-masted 
substrate approach. The batch fabricated stencil substrate process Is used in our lab for the fabrication of current- 
perpendicular spin-valve structures- Some details of this process has already been published elsewhere.^^' To 
briefly repeat, the process is summarized by Figure 1. 

The stendi lip typically is made of 20 nm or so thick platimmi. An exaaaple of the top stencil structure is 
shown in Figure 2(a). A typical completed stencil structure would consist of yiO Ti|100 Cup Ti|50 SiOa |1 ri|20 
Pt II (numbers are layer thicknesses in nm). 
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Figure 1. Schematic of the stencil-mask process, (a) E-beam lithogmphy and pattern trauefer tnto the Pt stendlj (b) 
Wet etch to open up th© ins-ulatcr spacer and creating a controlled junoimt of undercut; (c) Deposition of maenatic stack 
followed by metaUic filling that gives top electrode cont;u:fc; (d) Optical Itthosrnphy for the definition of wiring. Figure 
reproduced from ref.** 

CPP jiinct5ons for this study have been fabricated using planar magnetron sputter deposition. A typical 
junction stack consists of !|BottomjIO Cu|3 Co|lO Cu| 12 Co|200 CujlO Ptl|. A crofiS-sectional transmission 
electron microscopy view of the pillar shaped device formed through a stencil structure is shown in Pig-2(b). 
This cross-section sample is cut from an actual device using focused ion beam. 

After deposition of the laiyers forming the junction device, optical lithography is used to fonn the necessary 
bottom aj>d top electrodes so that the current passes througli the stendl-defined pillar. For reliable measurements 
of the jtmction resistajice, the junction resistance needs to be well above the sheet resistance of the electrodes. 
A bottom electrode made of lOOnm copper typically gives a elieet resistance of about 0.08 to 0.1 H, allowing 
quantitative measurements of junction resistances down to about 1 fi. 

3. QUASI-STATIC TRANSPORT BEHAVIORS 

Quasi-static transport measurements were taken in a 4^probe geometry. A dc bias current is applied to the 
junction. At the same time a small ac current, about 100^ rms at 331 Hz, is superimposed. The ac voltage 
is read out through a bck-in setup which noeasures the dynamic resistance of the junction at the given dc 
bia$ current. In what follows unless otherwise specified, all measured junction resistances refer to its dynamic 
resistance measured using this setup. In a typical quasi-static measurement, the bias current is stepped at a rate 
around 0 2 to 2 mA/min, while the magnetic field sweep rate (if swept) is on the ordet of 500-1000 Oe/min. 

A typical current-induced magnetic switching loop for a 0.05 x 0.15 A*m^ junction is shown in figure 3(a). 
Generally speaking, the resistance is hysteretic both in applied field and in blas^current. The values of the 
switching threshold current 7«p and /domn are a function of applied magnetic field and the sample's magnetic 
and bias-current history. 

Pijjure 4 describes the >jysteretic current and field dependence of the junction resistance. Here (a)-(d) are four 
directions when the bias-current is continuously swept in both directions, while the magnetic field was Stepped, 




Figure 2. (a)Scanning electron microscopy view of the stencil mask.(b)A transmiswon electron microscopy cross-sectional 
imago of a pillar deviots deposited using planar magnetron Kputteriug. 
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Figure Z. Left: An R {B) plot of a 
O.Oo X 0.15 fsrn^ junction. Right: A 
H (/) plot. Inset shows the arrange- 
mant of the leads- Positive direc- 
tion of current is defined as current 
Sowing from the bottom electrode 
through the pillar into the top elec- 
trode, electrons flow in the opposite 
direction. Measurement was done at 
ambient temperature. The vertical 
dashed bne id the left-side panel in- 
dicates the bias field at which data 
for were taken. 



either up or down, between each bias current sweep. The direction of the current and field sweep is indicated 
by the arrows on the upper-right comer of each plot. Light color in the contour represents high resistance, dark 
color, low resistance. 

Two different regions can be seen from the data presented in Figure 4. In the low-magnetic field region » the 
R(I) sweeps are hysteretic, with R{Iup) and il(/<tcvm) tracing out a different boundaty (subscripts refer r.o the 
direction of current sweep). In higher fields, the two branches of boundaries defined by A (/up) sjid R{I^own) 
converge into a set of reversible bright or dark streaks. These streaks correspond to djoiamic resistance peaks or 
valleys, caused by xjon-hystetetic steps up or down in the quasi-static J V characteristics. Notice the reversible 
steps only appear in this case in the negative current direction^ corresponding to electrons Sowing from the thicker 
cobalt layer into the thinner. When one reverses the order of the thick and thin cobalt layer, the biaspcurrent 
for these steps changes sign. 

The ample zero-temperature mono-domain model as described below for spin-transfer predicts a sx/ltching 
current threshold (albeit a threshold only for instability in the linearized solution of the Landau-Lifshita-Gilbert 
equation] of 

{H) - {abtMs) {H + Hk + 2^rM,) (1) 

where the applied field /f is along the easy-axis direction as defined by H^. a and b are the lateral sizes of the 




.2t11 1 2111 
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Figure 4. Contour plots of switching 
boundaries of a 0.05 X OlIO ptm^ junc- 
tion. Ambient temperature, field ap- 
plied along the easy axis direction. The 
current was swept one full circle at a 
constant bias field. The bias field was 
then stepped to the next value. The ar- 
rows At tlie upper right corner of each 
panel indicate the current sweeping and 
Geld stepping direction. The da.^9d 
line in (a) indicates the portion of data 
where thd lope- to- intercept ratio were 
taken for the field-dupcndent switching 
current Ic(ff). 



3 



PAGE 22Q9'RCVDAT9/11/200(11:40:07PM [Eastern DayOghtm^^ 



09/11/2086 23:39 703-761-2376 



MCGIW IP LAW 



PAGE 



nanomagnet t its thickness, M, its saturation raagnetiaation. is the spin-pobanzatian of the current, Eqn.(l) 
suggests theVoUowin^ relationship i» the threshoJd cuirenfs magnetic field dependence: 

<««/<«'Ih=o 

Namely, it prtdlcts a linear dependence of «» ^^PpUed field, and the intercept to slope ratio (ISR) ^fj^e^^^^ 
djend^nce Should give Ht + For cobaJt, M. « 1,400 emu/cro^ at ambient temperature." which ^-ould 

predict an ISR of the order of 9 x JO^ Oe even if Hk -« ZsrAf,. 

A nearly linear dependence of ae a function of applied field H is indeed observed in a certain riige of H 
as sho^ in Figure i^<d). an ecample Is shown in Figure 4(a) by the dashed line. Tb^ particulax 
dJ^Z^^^»n ISR Of okly 430 Oe, which is well below the value of close to 9.000 Oe *s expect^i from 
Itei (1) A L of ISRs obtained from various 88«iples is tabulated ia Table 1. The experimentally obsenred 
v3««i Usd in -n^le 1 systamatically faU well below 47rM.. In such measurements the uncertamty of zero-field 
FrnoTgeTtCi the Ml demagnetisation field from the pillar's fixed cobalt layer. ^^0^^^^%^^^^^ 
KWc^ is t^main cause of edge-coupling field) at 120 A ly 0.05 x 0.15 ^ no more thaa 2.6 kOe iO^-^ 
Sg for^ample. Eqn.{2) in Sun, el ai.>»), whid, is insufficient to account for the discrepancy. It will be sho^^n 
below' that a large contributor to this discrepancy is the effect of finite temperature. 

In addition to the simple Unear dependence of h on H, there are regions in the (J?,/) plane where non- 
hvsSric steps were present Such steps, wheo measured using the acdifferential method giv-e r,se to tbe sharp 
S (orlSey! dTpending on the dir^on of the step) structure in tSie observed /)> ^PP^^^'-S - ^"6^* 
or dark s^S in the contour plot. The detail of these peak width and height depends on the details of sample 
cLd^Lofa^d t£ ac Sation current amplitude." A detaUed analysis of the step width and related peak 
':^Z ;ttu^rZ l^n^^^^ by'ura.hdin et <il.^» Alternatively, ^^f^-^^^iw iJ^^ 
Zt sSgeL the involvment of non-zero-k value spin-wave excitations with "r„S2n2if^S 
spin-w^ mode being simple multiples of the lateral ei^e of the junction p.llar.i* Detafls <=^J^^^'^^^ 
K^rsible reSn is likely to be complex, and will depend sensitively on the exact nature of the magnetic 
boundary conditions of the pillar junction structure. 

4. SWITCHING SPEED MEASUREMENT 

Direct measurement of the switching speed of spin-transfer junctions is ^^f^'^^^f^^''^'^"'^^ 
kvel involved. For cnrrent-perpendlculsx (CP?) spin-valves even with lateral sizes reduced to ^Q^^^^' 
It; i,3ri™ redstance sill is only 1 ~ 5 O. and the magnetoresistauoe change .s even smaller - usually only 
?boura?rt r~ ^c oftot^ jS^tion resistance. This^lts in a MR-related voltage ^^^^^^^y - ^^^ 
ord« of 0 TmV Dynlmic calculations" gWe the generic tim«cale of the reversal to be eround 2*Af.) -r, where 
^Xa/n ^i^^^S^^^^^^ ^- ^ ^^^^""^ magnetization of the thin film nanomagnet. 

ThU estimate places the switching time on the order of X ~ 10 ns. 

l^ble 1 A list of measured dope, intercept aiul ISR for junctions with different sh». (t)For comparison, one data^point 
from the work of K^in P .t. is also included. Table reproduced from Sun et ttt. 

^ize I fxm^) Slope (A/Qe) Intercep t ImAl ISR (Oe) 

-'0.07 X 0.14 6.46 x lO"" 7l4 1^6 

0.07x0.14 6.39xl0-« 5.87 918.6 

0.05 x 0.20 7.8lxl0-« 3.83 490.4 

0.05 x 0.10 8.63xl0-« 7-14 827.3 

0.05 X 0.10 2.82xl0-g 7.81 2.769.5 

0.05 X 0.10 (300K5 1.31 x 10- 429.8 

0 .05 X 0.10 (13.4K) 1.08 x IQ-^ 13-6 1^ — 

0.08 X 0.16 (300K.j 1.96 x 10"' 1X6 898^ 

n.n s X 0.16 (13.4K) 5.98 x 10-^ 10£ — 

n.06x0.12(t^ 2.62x10-° 3.44 1,314 
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Figure 5. (») Quasi-etatie differentia] t«sist»noB otthe 
junction W8Bd for switchin&- spaed messureinGnt. (b) 
Qtiasi-9t»tic l-V chaisiCteriBtics of the junction, with 
its linear (current-Independent) resistance subtracted 
out. Letter* indicste the pulse sequence for higb-spesd 
switching mestfurcnjent, aa explauied in the tesct. Fig- 
ure reproduced from Koch et 
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We focus on $witching-«peed measurements performed at ambient temperature. Fis-5(a) diws the dynMnic 
resistance of a typical sample lised for switching-speed me««rements. This particular junction pressated hare 
.»«s patterned using a sabtracth;^ method » The active film stack sequence for this device « |Co|Ou|Co|. The 
free layer Co is about 3nm thick, and the lateral junction size is designed to be 0.05x0.10 ,«n'. The average 
resistance for this junction was 3.7 Ohms and the MR resistance change is about 4 peicetrt of the total - a small 
signa) for broad-band measurement with severe comroon-mode iirterference from the mam excitation current 
putee. Additionally, samples often exhibit small changes of juiiction resistance over the course of a measurement 
Lsion, perhaps due to contact condition changes. These add a few percent of long-term fluctuation to the 
measured resistance. To bring out a good broad-band MR signal in such a measurement ewironment requiree a 
carefully designed multi-trace signal average process. 

Pinire 5(b} plots the difference between the measured voltage and a straight line vs. the measured current. 
Details Of the measurement has been published by Koch el}^ To briefly repeat, the measurement was done by 
alternating tw jmtee sequences, the "signal" and the "background" sequence. The sample is dc biased at the 
current at points H (home) or B (background). For the ••signal" sequence, a 1 microsecond pulse is *PPl>ed to 
place the sample at point R (reset) . Fbt current-dependence measurements, a 300 (or s^etimes a 30) x«8 pulse of 
SSTing a^Xde U appUed to place the sample at point P (pulse). If the pulse is sufficiently 
Irill evLtu^y switch to point S (switched). The voltage across the sample durins this sequence w recoxded u«ng 
the TK660O oscilloscope. The background sequence is taken the same w^ as the signal except without the reset 
pulse. When the sample is current pulsed nera the switching point, the lack of a raet pulse assises its moving 
Lm point S to point B during the background eequence. The difierence between '^^'^'^'^'^l^^ 
betw^ the two pulse sequences represents the magnetization reversal when the sample is b.a^d between pomts 
P and S. Typically 10,000-traceB are avwaged in groups of 500 signal and background traces. 

FiBure 6(a) plots the magnetization reversal time for a typical sample as a function of the pulsed current. 
FVomThSe a L^STi,^ tim^ can be extracted. That is shown in Fig 6(b) ^ L«=^ J^jt^LT/te itS' 
the data shown in Fig.6(b-c). First, at the high speed limit, the dependence of r ^ ^^'^.^^^^ ^^"^ 
Second, in the sub-threshold, large-r regime, this linearity gives way to a curved or^et wlurf.. t^ out to be 
cxpon^ially dependent on the bias current as shown in Fig.6(c). We show below that the hncar r vs^ / 

from spin-transfer angular momentum conservation, and the curved onset -^^^^o 
SStL Both ca,i be adequately described by the spin-transfer dynamics with therma^ no.^^ ti -ddi^, the 
threshold current observed in Fig.6(b) is about 11 mA for the threshold correspondmg to the "S^t-s.de (pos^ve 
c^fent) step of Fig.5 which reads only about 4.5 mA. The difference between these two values he « the vastfy 
different time-scalea of the two measurements. 
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Figure G (alTiroe-dependent switchiug probaWlity extracted from measurements Ulustrated m Pi^.S; (b)Switchm5 speed 
«clracted from (b). Horfcontal dushed lines with labels indicate the switching speed corresponding to a reversal tune 
of 1 and 2 nfttwseoonds, respectively; (c)Switching speed plotted on log-linear scale. Open and closed circle syiabob 
i«present the wilichliig thi«shold on the positive and the negative current step of the junction showB w Fis.5. 

5. A MONO-DOMAIN MODEL FOR SPIN-TBANSFER MAGNETO-DYNAMICS 
5.1. Zero-tempetrature model 

Define a macro-spin with its magnetic moment m with a direction described by a unit direction vector n„ ^ 
Q„(ev>)='smd sin <pe^ + sin 5 cos v«„ + cos de, where « and v are direction angles in a polar coordinate system. 
TheJwment m is situated m a combined energj- potential of 1/ = 1/ that includes all enerp-c^i^ing 
torques m comes to experience. The normalized gradient of U, expressed in terms of He// = va 
includes tetns applied mapietio field H, a uniawal anisotropy whose strength can be characterized by » mnaxial 
aniaotropy field ff*,. and an easy-plane anisotropy field that could be used to describe a macrospin m thm- 
film t'eometry, experiencing the demagnetization effect from the flat thin film geometry. Here the operator 
V = eo (a/a9)+e^ (1/sinfl) (d/d<fi), with unit vectors and e^, denoting the direction of rotation for ff and <fi, 
respectively Note that other than the applied field H. H,// here is in general not a stanple soagnetic field vector 
but would be a function of tlie angular position of m. 

The precession dynamics of the macro-spin m under potential weU in the classical timit can be described 
by the phenomenological Landau-Llfshitz-Gilbert equation: 

(3) 



(i)^-«x[lW/-(^)n..H.//] 



where 7 = Z^^/ft is the gyro-magnetic ratio- 
Assume ft spin-poUu-izcd charge Current / flowing along e, direction with spin-polarissation along the unit- 
vector direction n, of the value V = {It - h) I Ut + h) (where /f and h designate cunent in spin channds 
parallel and anti-parallel to the direction of n,). This spin-polarized current .s assumed to pass through m, 
being re-polarized by m and hence acquiring a new spin- polarization direction n^ upon «c,tmg. In kh-^ P;[«=ess 
a oSain amount of spfa-angular momentnxn from the spin-polarized current is absorbed by m. 5br realistically 
achievable current densities and magnetization in metal-based magnetic conductors, it is reasonable to assuine 
the magnitude of m will remain unchanged during the process, «ttd hence to the lo^st Order, only the 
comp^ent of spin-ansulat momentum deposited into m is absorb^ by m, in the form of a precesaonal motion 
for m. This is equivalent to adding a new term to Eqn.(3). so the precesaion dynamics of the macro-spm under 
the hifluence <rf a spin-transfer current will now rend 

(4) 



where = Iv W2c) (1/ma) n, is the spin-angular momentum transfer term. 

To understand the basic physics fajvolved, examine the sfanple case when only an applied magnetic field H 
is present in H„//, and that H and H. are coUinear. That is,' the incoming sptorourrent has its polarization 
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aligned (either parallel or anti^paralkl) to the direction of the applied field. In this simple Umit one may write 

with 5 = a + HtjII {2emH^) - a (1+ ///p), where Ic « {2e/h) (a/17) (MM,) Ha, a special case of the threshold 
cxirreat as define<i it. Eqn.(l), This reveals the role of Bpii>-polari2ed current /: it modifies the effectivie damping 
coefficient of the naaomagnet. When the effectU-e damping a becomes negative, the nanomagnet wiU amplit>', 
rather than damp out, any disturbance away from ite equiUbrinm position, resulting in a magnetic m&tability . 
leading to a magnetic reversal. 

For more general situations^ since Ha // contains the angular position (tf, v») of m, a full stability analysis of 
Eqii.(4) is required. This m small cone-angle limit « tt) can be done analytically with a linearized Bqn.(4). 
aTwL done in ref.!"]. When av«e€ed over a tlme^cate longer compared to the natural i««oession period 
SIk - " it gives an effective damping coefficient of 5 - a + htjl/ [2em(H + Hk + 2irM,)) that describes 
the av^age cone-angle evolution {9{i)). Here an uniaxial anisotropy field Hfc and an orthogonal easy-plOM 
aniBOtropy term are included- A thin-fiJm demagnetization-related easy-plane anisotropy energy Js aasuroed. 
therefore M, = m/v where v is the volume of the nanomagnet. The resulting ^bihty threshold, with a 
uniaxial anisotropy term and an orthogonal easy-plane anisotropy term included is : 

|7e| = i rM(H + H„+ 2jrM,) («) 

Notice this threshold current h {H) depends linearly on applied field H. It should have a intercept-to-slope ratio 
of Ht + iirM,. These can be compared wth measurements. 

One set of experimentally measured ISR is bated in Table 1. It is immediately apparent that the experimental 
ISR falls well below the prediction of Eqn.(6). FVjrthermOre, one observes that the ISR measured at alo^ 
temperature of 14K appears to show less deviatiwi than those measnred at ambient temperature. This suggests 
that finite temperature effect is at least partially responsible for the discrepancy between the aro-tempetatnre 
lesult of Eqn.(6) and experimental observation. 

5.2. Role of finite temperature ^ 
To model the finite temperature environmen* one follows the approach of Brown et a^" and Grinstein ti 
by adding a Langevin random field to the effective magnetic field term H^/. relates to the systein 
temperature T as Hj,, = ^2ak^tF;^Irar..i {*), (i = ^.V.^): where I,^ (t) is & Gaussian 

the first two moment^ of (/„„ = 0 and (t)) = 1- The x,y z components eadi has its '^^^^^n^^gj 
/r-m(t). Witljout the spin-transfer effect the finite tempeiature LLG equation with a Langevm random flew 

=».[H„,.H.-(S~-..l « 

This describes the dynamics of a macrc^spin m sitting in a potential well U (fl, with a thexmaUy 

motion and a finite Ufetime of staying inside the potential weU, namely a thermal bfe-time r apprranioately 

following the Boltzmaim statistics of , ^r,^ 

where At/ is the potential barrier height as seen from the local minimum where m fiuctuates aiound. and 
TO - IHH^ is the reciprocal attempt frequency. ACT can be determined for any given potential landscape 
a 2loci mSm (eo.^o)- This^^P«^a«on should work well when MJ/k^T ^ I The thermal 
activation life^timc Eqn.(8) is determined once a system is defined by Eqn.{7) and an energy landscape U {.9,^), 
represented in Bq».(7) by H«// (B,tp) = (1/m) V{/ (O.v)- 

The effect of finite temperature on the macro-spin system's response to a spnvtransfer excitation fe two fold. 
First, it affects the average precession motion of the mac««plii by adding thermal aotn«tion. Secondly, it adds 
» thermally distributed initial condition to the macro-siMn. 
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5.3. Thermal activation under spin-transfer excitation 

Spin- transfer excitation adds an additional torque, thus the zero temperature LLC Eqn.(3) takes on the form of 
Ekin(4). Similarly^ after including the spin- transfer torque, and assume the sprn-polarized current does not cany 
significant entropy flow* into the macro-spin system, one can re-write Eqn.{7) to read 

(i) ^ = m X [lUff + Hi - (^) m X (H,/, + H.)] (0) 

with representing the spin-transfBi^torque related contribution, as defined in Eqn,(4), 

Solutions for Eqn{9) in general can only be obtained numerically. It is however instructive to look at the 
special case when H,, and H are both collinear to the easy-axis of the uniaxial anifiotropy term Hk inside 
Hcjft easy-plane ani80trop>' is zero. In this case, and for small cone-angle $ <^ \, one can show 

that He// = Hfc + H, and hence the effect of is simply to modify He// — H^// = (Hfc + H + H^) = 
(Hk + if) (l + -R^) ^s=^{}+ sfe) He// • Thus one caji re-write Eqn(9) as 

(i) ^ = X [h,, . H. - (^) (l ^ ^) m X H.,,] (10) 

Thus one may define dc = (l + Q = (1 + I/Ic) a, with Jc = (2e/R) (q/t?) {abtM,) {H + Hk), another 

special case of Eqn.(l), and Eqn(lO) reverts to Eqn(7}'s form but with ot renormaaized by a: 

Other than the renormalization of O to S, Eqn.(ll) is a mathejT^atically equivalent description of a nxacro- 
spin system as Eqn.(7) with the same amplitude of - assuming the spin current is not by itself introducing 
additional thermal forces on the macro-spui, which is reasonable as the amount of carriers involved in the 
passing transport current per unit time is small compared to the equiJibriimi electron density. This then suggests 
i?L,i = i^L,,' y/20!kBThmIran,i («) remains valid for this hypothetical macro-spin's LLG equation Eqn(lO). 
However, in Eqn(lO) the damping coeffident o^ is replaced by 5. To maintain Hi,,- therefore it means the 
macro-spin would see an fictitious temperature T, such that ST = orT. 

SincDe Bqn(lO) is equivalent to a macro-apin situated at temperature f with damping 5, one way further 
deduce that the thermal activation life time of the system can also be e:q)reBsed in the form of Bqn.(8), except 
with its temperature re-sca)ed to T. That is: 

r - ™^(||).,.=,p[^(f)] = 

This conclusion of a linearly current-dependent effective temperature can be directly compared with experiment 
done in sub-threshold driving current (|/| < Ze). 

5.4. Thermally distributed initial condition 

The initial condition of the macro-spin system under spin-transfer excitation is most important when the spin- 
transfer excitation is large - such as when it is near or exceeding the zero-temperature threshold current In 
this case, when the spin-transfer current is applied suddenly at time £o, it result in a fairly quick magnetic 
reversal. The switching time required at zero temperature is estimated to be:^^ 
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Here $o is the initial deviation of m fixim its easy-axis direction. The second line in Eqn.(l3) is essentially a 
revelation of angular momentuin conservation. The first effect a finite temperature brings is an initial deviatiOD 
^0 with a thermal distribution. Thus the precise switching ^eed wilj vary from measurement to measurement. 
At the same time, the thermal agitation during the course of reversal will add some uncertainty to the exact 
dpeed and trajectory of the reversal. This disturbance is likely to be small compared to the large cone-angle 
motion involved in these reversal events 85 long es AU/knT 1 - 

To understEmd the consequence of a thermally distributed initial 9q one examines a special case with 

U {0, V?) - iC (sin' ^ + ftp ain^ d cob^ ^-2h cob 0) (14) 

where K = 7nH}^l2 is the uuia^dal anisotropy energy constant, }\^ = ^jtM^/Hh is the easy-plane anisotropy field 
in dimensionless unit, and h = H/Hk is the applied field, assuming a colliiiear geometry between H and Hjt- 
AsBume further a small thermal fluctuation amplitude when { = K/HbT ^ 1. In such limit, the main effect of 
fuwte temperature on delay r is through the initial angular position of 9: 



^^'^WbJY /;/^ (1) exp iri^ {1 + h)) erf {tzQ^ J " A 



(15) 



which in the limit of K/ksT hp":^ 1 gives a switching speed based on the ensemble-averaged switching time 

as: 

In (47r^fcp) 



mc 



rln {K/kjsT) 



(16) 



In this particular hmit, switching speed has a current-dependence slope that lb directly dictated by thermal 
activation-Induced initial angle. This is only true if thcre^s no transient disturbance fields during the application 
of the current pulse. Such transient fields would create a eudden rotation of the effective easy-axis direction^ and 
in effect creating a non-zero and non-thermal initial angle ^o, dictating the Speed of spin-transfer switch. 

SummarLSuug the temperature-dependence results discussed so far, we conclude: 



■To' exp [-^ (1 - hf [l - ■^)] , when (/ 4) 
V me / [7rln(K/A?sr) Y /*p J 



(17) 



6. COMPARISON OF EXPERIMENTAL DATA WITH MONO-DOMAIN 

CALCULATIONS 

6.1. Spin-transfeivswitchiziig speed 

First, we examine the super-critical region. Experimental data from Fig.6(b) gives for the positive side switching 
a slope of dr'^/dl = 1.21 x 10^^ (sec * A)~^. According to Eqn.(17), assxmie spin polarization factOT tj = 0.5, 
M« es 1^400 emu/cm^ for cobalt, and a nano-magnet size of 0.05 x 0.10 /un^ in the lateral direction and 30 A 
thick, having a magnetization m « 2. 1 x 10"^^ emu, an uniajdal anisotropy field Hk w 568. 6 Oe» and hence 
an anisotropy factor K = mHk/2 #s 5.97 x 10 "'^^ erg which gives room temperature K/ksT ^ 144» and an 
hp = 47rA«r^/Hfc fc* 30.9. The exact value of applied field in - H/Mh la unknown in the experiment but is 
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of cfcae order of ■'V^ji.. And c^son l»« •*cuzxa.fc«d «o b« 0.5 froixi Oi« avil:>>t-lvr«a2iold loe-UneAr alo^« as Is dlMs-usMcd 

below. Wieh f>»>-My>«««r« E>an.C3^7'> ^i^vm d — * /rfj- m (^^) ^ V JX^ ?- > y/^^^ ) »* 10*» f»«->w>— ». 

"Xltitt «k9Z-««s wltfa. Ckx« eacK>orSnaer«x«a.l -vtiJ-vw olkown In Fte-<5Cto> CO well wi^bLn a fcusftoz- or 2. 

No9c« we ocaLmizie «he 9rut>-cjrt'el.cAJ •wt « cJi »* i» c^aion . ID«jtSLiis of t-hils sxAAJ::y-Ki« i« »lx-eakdy x>xil3ltatiod l>v Koch A£ 
^ To bx-icfly rei>aa.t., «3C«jxiln« dot^A. |3resAnt-«<t in Fis-OCc). TTlxe 1os.tfuAA.T> d«|>«ivd«x»0« of <-f-> ~ * on current Is 
»XyK>&j-exv&. T'he sIot>« of w>tlcil^ a.ocordm£; «o £:cin.<lT) ^^-v^st cst^x-orx^tv^k of «J>e iprx-^r-fatict^f — /k>^ JK/Me wblob 

ri^rau ovit to t>a 11.87 a.nd 23.76 for -tl-xo neea.'cW>e^ and v>oslT:l-v>e-««de «wjiY^bkkxa4£, x^ett^ect'l'vel^. 

Ttiua for i^He condt'CJorks cest^ed cx^^yivn-^onXmlXy. fxkj»«:«ioa.cbI forxx^ of Eci».<X'7> CMtec^un-tely deacrlbea bocli clao 

au)>- n.-ad. t;Ha sux»or-or4clcA3 liantv of -d&e AK>in'-t;r«a.nafc3r a-wibohins *.« ^ A.ua<;taon of fclie — rrh tng current ana^llc-ude. 

<!5va.««j»i— »t vwit,o±i.irve? lbouja.<l«urios and t.l^«« role c» f n lt;<3 t:onnp>OK-0-t:xu-e 

StSktio /".p C-'^> wili »s.o.ve Ita 1 nt.ciz-coc>t.-t.o-slope ro-tlo ftvll l>«ltFw of f-T»t -*- 2-jt-JW^„. To soe tOkls recall «r\>V»- critical 

e9CEn-e«0lock frxxm E<»r».(a7>. AA.^rl*i»»ef ^ =s I^/tertT', fclio r-«lok>catlon ttcne at: a jslver* sec or ./"> l« the — X i>lane 

Ftor ax» cr»atenik>le-a.'v«^afied elTT5 0-der»ex»dent ma£:rLe«:l<:i momexiT »-»-► (e) tKl* xAieazxA 

— -^5"* «^ [-^ <i - ^/^*.>* - J^/J^-)] CIO) 

r«.ir«Ex^ezxt of tty (e^ , de];>on.<:i jr»a; on e>a.c.1i of swoex* one cao |ger»er'all>r 



wlsero s tth,/€tt and tiT/«£A nre (i^onarwUlai^ i:lmQ-i-<iependexiC> swwep ro.t.e for field and crurrennt re8f>ootl-v«ly. 

Tb.e aufSaces ''O** and dooo-Cee -Cbe Initial And final x>ofn« of «ho a w e e j *. SQn.C30> is «k x>aeH IneespraJ wl-cK 

-va»l-ue Amo rally de^andent on tKo i^cvtAai bofcwe e o (/»o>-fo) oacI -fr)* ]Fbr exoxnple; for 1: 



-{ 



^ { (5^^) Z.d^>*iyi.> [^,ci^e— ^CX-^/«oV»-r/^.> _ ».t*-rx/.>] } . < Ja--..»»e3p . co««t:a,>t O 



<2i> 

]Ptor larse t^hto pacK-depexftdence la ls>KSsni<lc«unt. Tl^o reaultins contour s>loe of rr» _f /rn^ *%ti a function of 

t^,J"i I« llluatrated l>y uuLnvrical reeulta in fl^^re T. FVoxn Fl^. T It la a-ppskrent tlkat at finlto AT/AtaT* ratlo» 

«H« as>oarent awStcl^Lns boundary (aa indicated by tho dark to briscbt trancitioxa) >»as a reduoad elopa-to-'»ftteroept 
rario as tKose of aiero-tsemperatsure <-«">. Indicated Fiat-7"<^> l>y wJtiJte Un* abow* tU* COutOur edua- Tl»ia 

«o<jer<:{9e dcTnonaCr aeea clearly t>ie ciTect of flnir.e t*ni\i>«tTature on tlae redaction of tba apparent Ailope-to-isk'fcwrovpt 
ra.tlo of tKo ciuasl-staxlooJly moaaured J'^ (JV). TKia urtechenlatrt ia a-t leatnx s>arclally reap^nalble for the dlacrei^ancy 
b«tweex-» tl%e zero-toaxaperautre anodal prodictLon and cIm axperScnCMhtal obaex-va^iovft al^oww In Table X. 

Spin- traruder- induced xnasnctic oaecitation and naao'Mtlo swit<itiina is manifas^od in eub-TlOOxnn currant- parpeandioula 
BK>tn-"v-a|-v^0 comx>c3t3ecl of |Oo|Ovi|Oo| blloyera. The apin-transfiar excitation la alxawn to aa.uaa botb hyaterevic mag- 
netic swltoKixi^ and non-Hy« tore tic xnasnotio aaceitation. FOr maonatio re-varsal, sub-nanoaacond awitcisina apaad 
19 »cpcrim.cxiit«JJy dccoona-cro-t«d. A. ixnita t«znp«rature aixivle-'dOKnain zriodel ia da-valopacl to aucceaafSjilly daacribe 

XO 




Pl^^Ara rr. 7tni«a ««n»p«ra«ur« MwleoHln^ Tnrok>wk>ll- 

ity COZXlO\a.jr » fvUn.C«loxa O* OVJr-r-^n«. And Fix id for 

two dlfVeventi valuon erf X/^j^T- oorMixaoiV 
currert^ «rw«^S* r^fc* of *£T/t£t ^ 60 a*^/*oc i« v««e<l. 
Tbla aencour plot douM not loolc aii^MAcaiatly difier- 
for a fiMld A'wocpiajE approach wttta dJV/dt SO 
Oo/aae. 
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